Three different phosphine derivatives of doubly cyclometallated diphenypyridine complexes of Pt(II), 1, were reacted with methyliodide to give octahedral Pt(IV) complexes, 2, as two isomers. Treatment of either isomer of complexes 2 with AgBF4, to abstract iodide, gave long-lived five-coordinate complexes 3, which could be trapped as pyridine adducts.
Introduction
The selective functionalisation of hydrocarbons has yet to be fully realised, 1 and considerable effort has been put into studying model organometallic complexes, such as those of platinum. 2 Platinum complexes are not just amenable to study, but also have direct relevance to actual processes and some are able to activate methane. 3 The most interesting complexes to study are those that are coordinatively unsaturated, as these are often the most reactive. In the context of platinum chemistry, this means three-coordinate platinum(II) 4 and five-coordinate platinum (IV) complexes.
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Bona fide stable five-coordinate platinum complexes have been identified under a variety of circumstances, and can be generated via the abstraction of a halide, usually with a silver salt, from a six-coordinate platinum (IV) starting material. They may also be generated via the addition of a single group to a four-coordinate platinum (II) complex, as part of an electrophilic oxidative addition process, 6 and have successfully been characterised during the process of halogen oxidation. 7 Another route to their generation is by the oxidation of a three-coordinate complex.
4c,8
The importance of five-coordinate intermediates in the concerted reductive elimination process from six coordinate octahedral complexes is well known and is directly relevant to platinum. The rapid reductive elimination from an unsaturated intermediate has been rationalised theoretically, 9 with the argument hinging on the fact that the coupling process results in the population of a metal orbital that is only non-bonding in the five-coordinate complex, but anti-bonding in a six-coordinate complex. This analysis also suggests stereochemical consequences for the reaction and can be used to rationalise which groups end up coupling, 10 with this factor over-riding the perceived kinetic preference for elimination of sp 2 carbons rather than sp 3 . 11 Computational work has suggested that, under certain circumstances, i.e. with vinyl groups coupling, the intermediacy of a five-coordinate complex is not necessary for a reductive elimination reaction to occur, though this appears to be an isolated example. 12 Cyclometallation, one of the oldest methods by which late transition metals can activate C-H bonds, 13 involves an initial coordination that directs a specific C-H bond to the metal centre, facilitating activation and providing selectivity. Cyclometallation also encompasses some less conventional 14 reactions such as rollover, 15 or transcyclometallation 16 reactions.
Cyclometallated complexes have many uses 17 and are frequently studied as model compounds in fundamental reactions. 18 Our recent contributions to the area include investigating agostic complexes of, 4f,8b,19 C-H activation by, 4f,20 and the oxidation and reduction 21 of a number of cycloplatinated complexes. Some of these results, in particular the reductive coupling that occurs following oxidation, prompted us to revisit some of our earlier work with C^N^C pincer complexes 22 and attempt to oxidise them. Once oxidised, our symmetrical complexes, where both carbons are formally sp 2 hybridised, have the potential for reductive coupling 7b,7c,23 but also have a constrained geometry and limited scope for ligand rearrangements. We therefore sought to exploit the constraints the cyclometallated ligand had upon the geometry of the platinum(IV) complex in its reactivity in a reductive elimination reaction. The dependence of the reaction upon the arrangement of the ligating groups can be used to retard the rate of C-C coupling such that five-coordinate intermediates can be seen in solution at room temperature. Furthermore, with unsymmetrical complexes,
we were able to demonstrate completely regiospecific C-C coupling.
Results and Discussion

Oxidative addition of methyl iodide
The oxidative addition of methyl iodide to a square planar platinum(II) centre has long been known to take place via an SN2 type process, as expected for electrophilic reagents. [6] [7] 24 The reaction can be thought of attack of the metal centre on the methyl iodide to give a cationic five-coordinate methyl complex which then rapidly combines with the liberated iodide to give a neutral octahedral complex. Normally the spatial arrangement of the existing ligands on the metal centre does not change and the added methyl and iodide groups end up mutually trans, though it is possible that the initial octahedral product subsequently isomerises to relieve steric interactions. Thus, when we started from three previously 22 reported C^N^C phosphine complexes, 1-Pr, 1-Bu and 1-Bn, addition of methyl iodide resulted in the expected initial trans arrangement of the two incoming groups, followed by a slow isomerisation at room temperature in chloroform solution (taking around 72 hrs at 50 °C), Scheme 1.
The geometry of the initial and final products can be deduced from NMR data (in particular NOE measurements can be used to identify the positions of the methyl and phosphine groups, relative to the C^N^C pyridine), and we were also able to grow crystals and solve the structures of both 2t-Pr and 2c-Bu, Figures 1 and 2 , which allowed us to confirm the geometries of the two products. We can rationalise the isomerisation of 2t to 2c on the basis of a relief of steric strain associated with bringing a large phosphine away from a relatively congested central position to a less congested one above the plane of the diphenylpyridine.
Evidence for this strain comes from the N-Pt-P angle of 170.60(9) ° in 2t-Pr compared with the N-Pt-Me angle of 175.85(19) ° in 2c-Bu. 
Generating five-coordinate intermediates and C-C coupling
Treatment of either isomer of 2 (or, indeed a mixture) with AgBF4, to remove the iodide and generate a five-coordinate species and hence a reductively coupled product, gave the fivecoordinate 3 directly. In the case of the propyl and butyl phosphine derivatives, 3-Pr and 3-Bu, this species reacted only slowly, taking, respectively, around 5 and 4 hours at room temperature for the reaction to give the C-C coupled product Me-4, Scheme 2, to go to completion (at -40 °C, there was no appreciable reaction on a timescale of hours). The fivecoordinate 3-Pr and 3-Bu could clearly be seen in solution and would appear to have trigonal pyramidal structures (NOE measurements indicated that both the phosphine and the methyl group were in proximity to the proton situated between the platinum and the fluorine on the cyclometallated ring this is different to the case for either of 2t or 2c, ruling out a square based pyramidal structure). For the benzyl phosphine derivative the reaction was sufficiently fast at room temperature (complete with 1 minute) that 3-Bn could not be seen in solution by NMR, though it could be trapped out with pyridine to give 5-Bn, Scheme 2. 7c The pyridine trapped complex 5-Bn initially formed with the incoming pyridine trans to the C^N^C nitrogen, but slowly isomerised to the isomer with the methyl group trans to this nitrogen, a pattern of behaviour that was replicated with the propyl and butyl analogues. There have been reports of C-H activation reactions at platinum that are enhanced by the addition of silver(I), 25 but there does not appear to be any effect of that nature here. For a trigonal bipyramidal complex, the reductive coupling of two equatorial groups leads to the electron density being donated into a metal orbital that is only non-bonding in the fivecoordinate complex, whereas the coupling of an axial and an equatorial group requires the population of an anti-bonding orbital. Thus in 3 a rapid coupling of the equatorial methyl group with one of the axial phenyl rings is not possible, without some degree of rearrangement of the molecule. The rigidly mer coordinating C^N^C diphenylpyridine group prevents an easy rearrangement that brings both a phenyl ring and the methyl into equatorial positions, and 3 becomes sufficiently unlabile to persist in solution for several hours.
The fact that coupling does take place at all can probably be attributed to the possibility of a square based pyramidal structure with the phosphine and the C^N^C ligand occupying the basal sites, with the methyl group in the axial position. Now, the geometric restrictions on a coupling reaction are such that the axial group can rapidly couple with a basal group, but two basal groups cannot. Thus, with the rigidly mer coordinating C^N^C diphenylpyridine group and the phosphine in the basal plane, reductive coupling of the methyl group with a phenyl ring can take place. Now the effect of the phosphine on the reaction rate can also be rationalised: the bulkier the phosphine, the more likely the rearrangement to a square based pyramid, with the phosphine in the basal plane. Hence the reaction rates 3-Bn ≫ 3-Bu > 3-Pr, which reflect the size of the phosphine, as measured by Tolman cone angle.
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Recyclometallation to give unsymmetrical complexes
The fourth coordinate site of Me-4 can be filled with halide via the simple expedient of addition of the appropriate sodium halide, Scheme 3. Chloride, bromide and iodide derivatives were isolated and we were able to crystalise and solve the structures of the iodide derivatives The solid-state structure of Me-6-Pr, thermal ellipsoids drawn at 50% probability level.
Selected bond lengths (Å) and angles (°):Pt1-I1 2.7083(3); Pt1-P1 2.2347(11); Pt1-C1 2.015(5); Pt1-N7 2.112(4); P1-Pt1-I1 91.01(3); C1-Pt1-I1 151.59 (13); C1-Pt1-P1 98.11 (14) ; C1-Pt1-N7 80.32(17); N7-Pt1-I1 94.41 (11); N7-Pt1-P1 171.18(10). 93.17 (6); N7-Pt1-P1 171.06 (6) .
From derivative Me-6, and indeed from the three-coordinate Me-4, it is possible to recyclometallate the methyl substituted ring to give doubly cyclometallated C^N^C complexes Me-1, Scheme 3. 22a, 22b In this paper we only report the reactions exemplified by the tripropyl phosphine derivative, though it is possible to perform the reaction with the butyl and benzyl phosphine analogues.
Crystals of Me-1-Pr were grown and the structure solved, Figure 5 , and it is pertinent to note the effect of the additional methyl group, which might be expected to add addition steric crowding. A full comparison of the structure of Me-1-Pr with that of 1-Pr (previously reported by us 7c ) can be made, but most of these differences are reflected in the two different cyclometallated rings of Me-1-Pr and Me-1-Bu. Thus, in Me-1-Pr, the bond distances and angles in the non-methylated phenyl ring, and its associated metallacycle are all within 0.01 Å and 1°, respectively, of their equivalents in 1-Pr. However, significant differences in both bond distances and angles for the methylated ring, and associated metallacycle, compared with the non-methylated ring can be seen. Figures SI8 and SI9 show all the relevant bond lengths and angles, but here we can note that the methylated side of the diphenylpyridine is appreciably more distorted that the non-methylated side. Thus the C-C bond that connects the central pyridine to the phenyl ring is 1.457(9)Å for the non methylated phenyl, but 1.488(9)Å for the methylated phenyl ring. The angle that this bond makes with the two rings is 121.1 (6) and 127.6(6)° on the non-methylated side, but opens up to 123.6(6) and 130.0(6) for the methylated ring. In addition the methyl group has been forced away from the pyridine ring with the angle it makes to the phenyl ring being 124.6(7)°, significantly removed from an ideal 120°. The crowding does not distort the molecule much from planarity: whilst there is a slight bowing of the central C^N^CPt ring system with the platinum 0.27 Å away from plane, none of the carbons are more than 0.07 Å away from it, with the methyl group only 0.166 Å out of plane. 
Repeating the cycle of reactions
From Me-1 it is now possible to repeat the sequence of reactions described above. Thus oxidative addition of MeI cleanly gave Me-2t, which subsequently isomerised to Me2c. Scheme 4. protons of the dimethylated ring. Thus the reaction is completely regiospecific. As the methyl group in Me-3 would have minimal electronic effect on the C-Pt bond meta to it, we can assume that the regiospecificity and the enhanced reaction rate of the coupling of this bond with the methyl group arises from steric factors. Coupling the second methyl group to the already methylated ring breaks the more strained metallacycle free from the platinum and is thus favoured. We can see from the X-ray structures of Me-1, Figures 5 and 6, how this side of the molecule is stressed. As the coupled ring is free to rotate away from the plane of the pyridine and the remaining metallacyle, the additional methyl group in Me2-4 does not impinge upon the rest of the molecule and there is no price to pay for doubly methylating one ring, rather than singly methylating two separate rings.
Once again, the product of reductive coupling is formally three coordinate, and once again we were unable to identify any solvent or agostic interaction. It was possible to generate the neutral square planar complex Me2-6 by treating Me2-4 with NaI, Scheme 6. The crystal structure of Me2-6-Pr was solved, Figure 6 , and the geometry at the platinum is distorted away from an ideal square planar geometry in a fashion that is similar to the Me-6 derivatives, with C-Pt-I and N-Pt-P angles of 152.99 (6) and 169.77(5)° respectively. Further evidence for a crowded metal centre in Me2-6-Pr, and evidence that the metal centre is even more crowded than in the Me-6-Pr complex, comes from a close contact within the molecule: one of the phosphine propyl chain hydrogens is very close to the hydrogen ortho to both the Pt and the F in the cyclometallated ring, with an H-H distance of 1.785(1) Å. The equivalent distance in Me-6-Pr is 2.02 Å, and a discussion of why there might be differences and why these two hydrogens might be so close in Me2-6-Pr is included in the SI, as is a picture showing the two structures overlaid ( Figure SI12 ). Finally, we were unable to recyclometallate Me2-4 or Me2-6 using our standard conditions of mild base and water, presumably because the only available hydrogens are part of an sp 3 hybridised methyl group, rather than the more usual sp 2 hybridised phenyl ring. 
Conclusions
The oxidative addition of methyliodide to square planar doubly cyclometallaed C^N^C Pt(II) complexes gave octahedral Pt(IV) complexes from which it was possible to abstract the coordinated iodide and generate five-coordinate cations. In agreement with theory, these fivecoordinate cations were long-lived. This property arises from the rigid C^N^C group, which renders them unable to easily access a geometry that allows the facile coupling of the introduced methyl group with the phenyl of the cyclometallated ligand. This reduced reactivity suggests the five-coordinate complexes have adopted a trigonal bipyramidal geometry, and this is backed up by NMR evidence.
It is therefore possible, by careful choice of ligand geometry, to generate unsaturated complexes, without additional ligand stabilisation, that are sufficiently long-lived that they can be studied in detail. It is also possible to exert some degree of control on the course of subsequent C-C coupling reactions, with our example showing 100% regiospecificity. (2) 150 (2) 150 (2) 150 (2) 150 (2) 150 (2) Crystal The following labelling schemes were used for symmetrical and unsymmetrical complexes, as appropriate: Crystals suitable for Xray analysis were grown by the slow evaporation of solvent from a chloroform solution, Figure 1 and Crystals suitable for Xray analysis were grown by the slow evaporation of solvent from a chloroform solution, Figure 2 and found 634.1938 634. , calculated 634.1940 Pt = P-Pt = 3076 Hz) ppm.
Synthesis of Complexes
[M] + .
3-Bu δH (Acetone-d6) = 8.08 (1H, t, 3 JH-H = 8 Hz, Hi), 7.99 (2H, dd, 3 JH-H = 8. 
Synthesis of Complexes 5 and Me-5
To a suspension of 10mg of 2 (2-Pr: 0.013 mmol; 2-Bn: 0.011 mmol; Me-2: 0.013 mmol) in acetone (5 ml), an excess of pyridine was added (~10 mg). An excess of AgBF4 (5-10 mg)
was then added, resulting in immediate precipitation of AgI. After 30 min stirring, the mixture was filtered and the filtrate dispersed in 10 ml of dichloromethane. The pyridine was removed by washing with water. The organic layer was then dried with MgSO4, and solvent removed under vacuum to give 5c-Pr, 5c-Bn and Me-5-Pr. 
Synthesis of Complexes Me-6 and Me2-6
NaI (10 mg) was added to an acetone solution (10 ml) of Me-4 or Me2-4 from above, and the mixture stirred (24 hr). Solvent was removed, leaving an orange oil. Purification by column chromatography on silica, loading and eluting with toluene gave the pure Me-6 or Me2-6.
Yields: Me-6-Pr: 83 mg, 0.10 mmol, 95%; Me-6-Bu: 87 mg, 0.11 mmol, 97%; Me-6-Bn: 86 mg, 0.10 mmol, 95%; Me2-6-Pr: 88 mg, 0.12 mmol, 98%.
In a similar fashion chloride and bromide derivatives of Me-6-Pr were synthesised. Crystals suitable for Xray analysis were grown by the slow evaporation of solvent from a chloroform solution, Figure 5 and Table 1 ; full details are in the SI.
Supporting Information
Full details and discussions of the Xray structures are available. CIF files are also available to download from the CCDC, reference numbers: .
